Bulb
Bulb scale (dried basal portions of outer leaves) color has been studied extensively ( Table 2) . Scale color is controlled by five major loci (I, C, R, L, G)  El-Shafie and Davis, 1967; Rieman, 1931) . A dominant allele at the I locus inhibits pigment production and the scales are white Rieman, 1931) . According to Clarke et al. (1944) , I is incompletely dominant, such that an intermediate (buff) color was obtained with a genotype of IiCCR_. They had difficulty distinguishing IiCCRR and IiCCrr genotypes and also distinguishing IiCCrr genotypes from pure white, II. The I locus must be homozygous recessive to produce colored scales. In addition to the I locus, the C locus also influences the color of the bulb scales. When a dominant allele is present at the C locus, scales are colored; when the C locus is homozygous recessive, scales are white regardless of alleles for color at other loci (ElShafie and Davis, 1967) .
A third locus, R, governs the amount of red pigment produced by the epidermal cells of the scale. The anthocyanins responsible are primarily glucosides of cyanidin with trace amounts of pelargonidin and peonidin (Fossen et al., 1996) . Light-red or pink bulbs are conditioned by a dominant R allele (iiC_R_); yellow or brown bulbs have the recessive r allele (iiC_rr) (El-Shafie and Davis, 1967) . To obtain dark-red bulbs, the R locus must be homozygous dominant and a fourth locus, L, also must be homozygous dominant (El-Shafie and Davis, 1967) . Heterozygosity at either loci results in light-red or pink scales. Jones and Peterson (1952) described a complementary light-red bulb color that may be conditioned by the interaction of the R and L loci (El-Shafie and Davis, 1967) . assigned the name Crb-1 to one of these complementary loci, but the relationships among Crb-1, R, and L are not known. A dominant allele at the fifth locus, G, produces golden bulbs (iiC_rrllG_); when homozygous recessive (iiC_rrllgg), bulbs are chartreuse (El-Shafie and Davis, 1967) .
Flower
Several loci governing floral morphology, particularly male sterility, have been described for onion (Table 1) . In some plants, the perianth does not fully develop around the reproductive organs, such that the anthers appear to be protruding from the bud . This trait is referred to as exposed anthers (ea) and is conditioned by the recessive genotype at the locus. Both green and yellow anthers are observed. Yellow anthers, governed by the ya locus, are observed when two recessive alleles are present . In addition, white perianth has been reported to be recesAmong vegetables harvested in the United States during 1997, onion (Allium cepa L.) ranked second in yield per hectare, third in total production, fourth in total value, and fifth in the number of hectares harvested (U.S. Dept. of Agriculture, 1998) . Five public and 21 private breeding programs in the United States are dedicated to improving onions (Frey, 1996) . In addition, numerous other countries support public and private onion breeding programs. The study of onion genetics has been limited, relative to that of other crops, by the biennial nature of the onion plant, which increases the time required to complete these studies. Onion also possesses one of the largest plant genomes in terms of total genomic DNA (Arumuganathan and Earle, 1991) and has been difficult to culture, transform, and regenerate in vitro. The number of genetic markers in onion has increased several-fold with the identification and mapping of molecular markers (Bradeen and Havey, 1995; Havey et al., 1996; . Recent papers have reviewed the classical markers (Havey, 1993; Pike, 1986; Rabinowitch, 1988) , the biochemical markers (Peffley, 1993; Rabinowitch, 1988) , and the molecular markers of onion (Peffley, 1993) . However, concise review of the classical, biochemical, and molecular markers of onion has not been published. Information regarding the availability of onion populations possessing the described genes currently does not exist. This paper reviews all three types of markers and provides sources for each.
MORPHOLOGICAL MARKERS

Seedling and leaf
Several loci controlling the color of seedcoat and foliage have been described (Table 1) . Seedcoat color is governed by the b locus with B_ resulting in a black and bb resulting in a brown seedcoat (Davis, 1966) . Several heritable chlorophyll-deficient mutants have been observed (Table 1) . Albinism (a) is recessive, and homozygous recessive plants die soon after germination Rasmusson, 1920) . The yellow lethal loci, y 1 FEATURE sive and controlled by a single locus (Davis, 1960) ; however, segregation data have not been presented. Jones and Clarke (1943) described male sterility in onions and its interaction with the genotype of the cytoplasm. Male sterility is present when the ms locus, often referred to as the nuclear restorer locus, is homozygous recessive and the sterile (S) cytoplasm is present. All plants with normal (N) cytoplasm are male-fertile regardless of the genotype at the nuclear restorer locus. A second source of cytoplasmic male sterility has been described in European onion cultivars (Berninger, 1965) . Three independently segregating restorer loci have been associated with T cytoplasm (Schweisguth, 1973) . Dominant alleles at the A locus or at both the B and C loci restore fertility. Because the a, b, and C loci were previously designated in onion, we suggest that loci restoring male fertility in T cytoplasm be renamed to Ta, Tb, Tc.
Biotic and abiotic stresses
Loci that condition resistance to pink root (Table 1) . Resistance to pink root is governed by a recessive allele at a single locus (Jones and Perry, 1956; Nichols et al., 1965) . In this paper, the single locus for resistance will be designated pr 1 . Nichols et al. (1965) also speculated that, for some crosses, pink root resistance was multigenic and additional loci for resistance were present. One locus (Tsutsui, 1991) or two loci (Bacher, 1989; Bacher et al., 1989 ) may be involved in resistance to Fusarium basal rot. Bacher et al. (1989) proposed the locus designation, Foc1 and Foc2, for two loci conditioning Fusarium basal rot resistance. They surmised that resistance was partially dominant for both loci and that the gene effects at each locus were additive.
In addition to pink root and Fusarium basal rot resistance, resistance to downy mildew has been observed. Warid and Tims (1952) and Warid (1952) proposed that recessive alleles at two loci conditioned downy mildew resistance and designated those two loci as s 1 and s 2 . They observed the greatest resistance to downy mildew when both loci were homozygous recessive. In addition, Kofoet et al. (1990) proposed the transfer of a single dominant locus (Pd 1 ) for downy mildew resistance from A. roylei Stearn to A. cepa. Resistance to purple blotch is controlled by a single gene when resistance is recessive (Ekanayake and Ewart, 1997) . Resistance to onion smudge [Colletotrichum circinans (Berk.) Voglino] has been associated with another trait, bulb pigmentation (Walker, 1923) . Pigmented bulbs are resistant to onion smudge, while nonpigmented bulbs are susceptible (Walker, 1923) . Diplodia stain [Lasiodiplodia theobromae (Pat.) Griffon & Maubl.] is also associated with bulb pigmentation (Sumner, 1995) ; white onions are susceptible to the disease while yellow and red onions are resistant.
With regard to abiotic stresses, Engle and Gabelman (1966) reported resistance to ozone in several onion inbreds. For the inbreds tested, resistance was dominant and the mechanism of resistance was closure of leaky stomata that prevented destruction of inner tissues by ozone. Engle and Gabelman (1966) failed to designate this locus and we propose that this locus be designated Oz.
BIOCHEMICAL AND MOLECULAR MARKERS Isozymes
Isozymes were identified as biochemical markers for onion during the 1980s. Currently, 24 different isozymes have been characterized in onion seeds and roots (Table 3) (Rabinowitch, 1988) . Isozymes have been used primarily to compare other Allium species to A. cepa, common onion, and to identify the origins of chromosomal regions in interspecific hybrids (Havey et al., 1996; Peffley et al., 1985; Ulloa-Godinez et al., 1994 , 1995 . Two alleles for Adh-1 were characterized in A. cepa, while third and fourth putative alleles were identified in A. fistulosum L. (Peffley and Orozco-Castillo, 1987; Peffley et al., 1985) . When 188 A. cepa breeding accessions and plant introductions were evaluated for four isozyme systems (Adh, Idh, Pgi, Pgm), only Adh-1 was variable (Peffley and OrozcoCastillo, 1987) . Ulloa-Godinez et al. (1995) observed a fast band of Mdh-1 in A. cepa and a slow band in A. fistulosum. Work done by Cryder et al. (1991) suggested that Idh-1 and Pgi-1 were linked in backcross progeny between A. cepa and A. fistulosum. Genetic linkages between Idh-1 and Adh-1 and between Pgi-1 and Adh-1 were inconclusive. Except for linkage studies, few segregation analyses have been conducted to determine the number of genes at each isozyme locus. Segregation analyses for A. fistulosum suggest that 6-PGDH is governed by two loci, 6-Pgdh-1 and 6-Pgdh-2, that have two alleles (1 and 2) each (Magnum and Peffley, 1994) . In addition, both PGM and SKDH are governed by a single locus each with two alleles at each locus. Using alien chromosome addition breeding lines, Peffley and Currah (1988) assigned the location of Adh-1 to the sub-telocentric chromosome 5 and Pgm-1 to the sub-metacentric chromosome 4 in A. fistulosum. Havey et al. (1996) described the challenges of identifying and mapping molecular markers in a plant, such as onion with a huge nuclear genome. Bradeen and Havey (1995) evaluated 580 decamer primers in replicated experiments and were able to establish the genetic bases of only 14 repeatable RAPDs (Table 4 ). The RFLPs were technically more difficult, but hybridization of cDNAs revealed adequate levels of polymorphism to develop a genetic map (Bark and Havey, 1995) . constructed a low-density genetic map using 58 F 3 families generated from a cross between inbreds 'Brigham Yellow Globe (BYG) 15-23' and 'Alisa Craig (AC) 43'. They identified 128 segregating loci (112 RFLPs, 14 RAPDs, 2 morphological) and constructed a map consisting of 114 loci distributed over 11 linkage groups, one linked pair, and 12 unlinked markers (Table 4) . The map covered 1064 centiMorgans (cM) with an average distance of 9.2 cM between loci. The RFLP loci were named with the probeenzyme combination, revealing the polymorphisms with the sizes of the fragments, e.g., AOB272/EcoRI (10.0/12.0 kb). described an additional 69 cDNA clones that revealed RFLPs among elite inbreds of onion, but these RFLPs did not segregate in the BYG15-23 x AC43 family and the genetic bases of these polymorphisms were not established.
RESTRICTION FRAGMENT LENGTH POLYMORPHISMS (RFLPS) AND RANDOMLY AMPLIFIED POLYMORPHIC DNAS (RAPDS)
Linkage was detected between RFLPs and loci affecting traits of economic importance. The ms locus was flanked by RFLP markers on linkage group B. One of the loci conditioning complimentary red bulb color (named Crb-1 by was linked to RFLP markers on group H. The RFLPs revealed with clones of alliinase (AOB249); van Damme et al., 1992] showed this enzyme, important in the development of onion flavor, to be conditioned by loci on linkage groups A and I, as well as by one unlinked locus. In addition, rDNA sequences have been located to the telomeric regions of the short arms of chromosomes 6 and 8 using a probe from Helianthus argophyllus (pHAR1) (Ricroch et al., 1992) .
Of the 112 RFLPs segregating for the map, 44 were dominant and 68 were codominant . Twenty percent of the cDNA clones revealed duplicated loci. Of those loci, 42% were tightly linked (<10 cM), 5% were loosely linked (10-30 cM), and 53% unlinked (>30 cM). Previous biochemical and cytogenetic research (Jones and Rees, 1968; Ranjekar et al., 1978) suggested that duplicated regions may exist in the genome. The predominance of dominant and duplicated RFLP loci observed in the low-density genetic map indicated that tandem, intrachromosomal duplications may have contributed to the large size of the onion genome .
CONCLUSIONS
Currently 28 morphological, 24 biochemical, and 126 DNA-length markers exist in onion. Four of the morphological markers are not currently available. Also, polymorphic phenotypes have been described in onion but Hadacova et al., 1981 Catalase Hadacova et al., 1981 Cholinesterase Hadacova et al., 1981 Esterase Hadacova et al., 1981 Peffley et al., 1985; Cooke, 1985; Cooke et al., 1986 Glucose-6- Peffley et al., 1985; Peffley and Orozco-Castillo, 1987 Phosphoglucomutase (Pgm-1) Peffley et al., 1985; Peffley and Orozco-Castillo, 1987 Superoxide dismutase (Sod) Hadacova et al., 1981 z (Bark and Havey, 1995; . Clones are available from M.J. Havey. The others are decamer primers revealing randomly amplified polymorphic DNA markers (Bradeen and Havey, 1996) . y Approximate fragment sizes of RFLP and RAPD markers estimated relative to HindIII-digested l DNA. Only one fragment listed as dominant markers. x Linkage groups as described by . U = unlinked.
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are not genetically characterized, e.g., white perianth. The designations of some morphological loci are redundant and we propose new names. Separate designations may describe the same locus, e.g., the R or L loci and Crb-1. Further work is required in onion to clarify these problems and to advance the knowledge of onion genetics.
